Introduction
Chloroplasts contain a variety of terpenoid quinones and chromanols, some such as phylloquinone, a-tocopherol and plastoquinone have biological roles to play, whereas others are present as biosynthetic intermediates or as by-products in oxygen-evolving reactions e.g. / 3-, y and &tocopherols, a-tocopherolquinone, plastoquinones B and C and plastochromanol. All the tocopherols and plastoquinones arise from one aromatic precursor, homogentisate, whereas phylloquinone is derived from 2-succinylbenzoate. The terpenoid sidechains for all the compounds are probably derived by a common pathway.
Biosynthesis of phylloquinone
Phylloquinone is found in all 0,-producing photosynthetic tissue in higher plants and is located in the thylakoid membrane of the chloroplast. It is believed that phylloquinone functions in photosynthesis but its precise role has not been described. The biosynthesis of menaquinones in bacteria has been reviewed recently (Bentley & Meganathan, 1982) and the pathway in plants for phylloquinone formation is likely to be very similar if not identical. The most rewarding studies have been on bacteria, but sufficient work has been carried out on plants to confirm the route. Fig. 1 illustrates the essential features of the biosynthetic pathway to phylloquinone. The key intermediate, 2-succinylbenzoate (0-succinylbenzoate) was shown to be involved originally by mutant studies with E. coli (Dansette & Azerad, 1970) and its involvement in phylloquinone synthesis was shown by Hutson & Threlfall (19804 in maize shoots. Shikimate was the earliest precursor of the aromatic ring (Threlfall, 1971) and presumably chorismate condenses with succinylthiamine pyrophosphate to yield 2-succinylbenzoate as shown in lawsone (2-hydroxy-1 ,Cnaphthoquinone) formation in the higher plant Impatiens balsamina (Campbell, 1969) . Cyclization of 2-succinylbenzoate occurs via a coenzyme A derivative and the product 1,4-dihydroxynaphthoate is an intermediate in plants and bacteria (Young, 1975) . Degradative studies on phylloquinone formed from radiolabelled 2-succinylbenzoate in maize shoots (Hutson & Threlfall, 1980a) indicated that the naphthoquinol ring is prenylated at the carbon on which the carboxyl was located. Presumably the carboxyl is lost in a concerted reaction during prenylation.
Schultz et al. (1981) have shown that dihydroxynaphthoate is prenylated by phytol in the presence of ATP (allowing for phytyl pyrophosphate formation) in spinach chloroplasts and in particular in the chloroplast envelope membrane. The product was 2-demethylphylloquinol (2-phytyl-1,4-naphthoquinol) and in the presence of S-adenosylmethionine a small amount of phylloquinone was formed. Demethylphylloquinone is a constituent of spinach chloroplasts (McKenna et al., 1964) and is methylated (by S-adenosylmethionine) forming phylloquinone (it is assumed that most of these reactions proceed in the quinol state; see Threlfall, 197 1) . The distal precursor of the phytyl sidechain is almost certainly geranylgeranyl pyrosphate and reduction to phytyl pyrophosphate has been demonstrated in spinach chloroplasts (Sol1 & Schultz, 198 1). Although menaquinone-4 is a possible precursor of phylloquinone there is no evidence of its occurrence in chloroplasts. Current progress in this area is directed towards the site of synthesis of phylloquinone within the chloroplast, and Schultz et al. (1981) suggest the chloroplast envelope membrane as the site of the prenylation reaction.
Biosynthesis of a-tocopherol
a-Tocopherol is the main member of a family of plant antioxidants which includes four methylated tocols and four similarly methylated tocotrienols (Fig. 2) . These compounds have differing distributions, a-tocopherol is mainly a chloroplast component; 8-, y-and &tocopherols are also found in chloroplasts but are found widely in the extrachloroplastidic regions of the cell; tocotrienols are found in cereals (in the seed) and in palm oil and the latex of Hevea brasiliensis (see Janiszowska & Pennock, 1976) . The fact that all eight members of the family contain an 8-methyl group allows the construction of a bio- H0QtlLp]3 R, Fig. 2 . The tocopherolltocotrienol family synthetic scheme interconverting tocols and tocotrienols. However, this proves not to be the case; there appear to be two similar but distinct pathways which can be termed the 'tocotrienol pathway' and the 'tocopherol pathway'. a-Tocopherol biosynthesis is a good example of a pathway where arrangement of known compounds into a biosynthetic scheme leads to formulation of an apparently logical but misleading situation.
Intermediates in biosynthetic schemes are usually present in trace amounts, compounds present in relatively large amounts are more likely to be end products of side reactions.
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Early work on the biosynthesis of a-tocopherol (reviewed by Threlfall, 1971 ) indicated that tyrosine was the distal precursor of the aromatic ring, being converted to homogentisate by a well established pathway (Fig. 3) . In a reaction involving decarboxylation of homogentisate (but retention of the methylene group to form an aromatic ring methyl) and insertion of a phytyl sidechain (from phytyl pyrophosphate), 2-methyl-6-phytyl-1,4-benzoquinol can be formed. Cyclization of this compound yields &tocopherol. Further methylation gives p-or ytocopherol and finally a-tocopherol (Fig. 4) . The evidence in favour of this path-
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way was the incorporation of radiolabelled tyrosine or homogentisate and in particular ''CH2-labelled homogentisate into a-, y-and &tocopherols whereas 14CH,-labelled methionine was incorporated into a-and y-tocopherols only (see Pennock & Threlfall, 1983) . The lack of incorporation of methionine into &tocopherol showed that the 8-methyl group of the tocopherols
Homogentisic acid
However, problems with this pathway became obvious. Incorporation of radioactivity from [U-l4C1tyrosine or r2-14Cl-mevalonate into &tocopherol was very low compared with incorporation into a-and y-tocopherols, and furthermore the pathway provided no role for 2,3-dimethyl-5-phytyI-benzoquinone (i.e. phytyl plastoquinone). Phytyl plastoquinone had been found in Euglena gracilis and higher plants ( Threlfall, 1970) and was also labelled readily from radiolabelled homogentisate (Hutson & Threlfall, 1980b) or radiolabelled 2-methyl-5-phytyl-benzoquinone or 2-methyl-6-phytyl-benzo- Pennock, 1976) . Furthermore, when phytol or isophytol was condensed chemically with toluquinol to form either methyl-phytyl-benzoquinones or tocopherols, three isomers were formed in each case, i.e. with the sidechain inserted ortho, meta or para to the aromatic methyl. The favoured product in either case had the sidechain para to the methyl group, i.e. 7-methyl tocol or 2-methyl-5-phytyl-1,4-benzoquinone (Fig. 5) . Compounds with such a substitution pattern, e.g. 2-methyl-5-geranyl-1,4-benzoquinone, have been found in plants. The latter compound was discovered in Pyrola media by Burnett & Thomson (1968) and a biosynthetic scheme should allow for such compounds. Three lines of approach were used in the further investigation of tocopherol biosynthesis, each with distinct advantages and disadvantages. Janiszowska & Pennock (1976) incubated whole leaves of Phaseolus vulgaris with [ 1 r,2'-3Hl methylphytyl-benzoquinones or [3,4-3H]tocopherols (the compounds were applied to the leaf surface). Hutson & Threlfall (1980b) incubated lettuce chloroplasts with [methylene-3Hlhomogentis-ate and Sol1 & Schultz (1980) used spinach chloroplasts together with S-aden~syl[methyl-'~CImethionine and a variety of possible quinone and chromanol precursors of a-tocopherol to act as substrates for transmethylase enzymes.
The studies of Janiszowska & Pennock (1976) suggested the presence of a biosynthetic maze in P. oulgaris; most metabolic 'intermediates' which were applied were methylated or cyclized and methylated, e.g. 2-methyl-5-phytyl-1Q-benzoquinone was converted to 7-methyl tocol, y-tocopherol, a-tocopherol and phytyl plastoquinone. Similarly, 2-methyl-6-phytyl-l,4-benzoquinone was converted to 8-methyl tocol (&tocopherol), ptocopherol, a-tocopherol and phytyl plastoquinone. Although most reactions investigated were found to occur, a favoured route seemed to be 2-methyl-5-phytyl-benzoquinone+7-methyl tocolptocopherol+a-tocopherol. Hutson & Threlfall (198Ob) showed clearly the formation of 2-methyl-6-phytyl-benzoquinone and phytyl plastoquinone from radiolabelled homogentisate and demonstrated a precursor-product relationship between them. However, no tocopherol formation was demonstrated. The methylation studies of Sol1 indicated that 2-methyl-6-phytylbenzoquinol was the best substrate for the chloroplast methylation system in isolated chloroplasts and showed phytyl plastoquinone, phytyl plastoquinol, y-tocopherol and a-tocopherol to be the main products. (Fig. 6) . with isolated chloroplasts showed considerable rates of methylation with a range of substrates, suggesting a lack of specificity in the reactions. As stated earlier, each series of studies had its problems. It is now clear from the use of h.p.1.c. that the isomers of methylphytyl-benzoquinones are difficult to separate, particularly in synthetic mixtures, as 2',3'-truns and 2',3'-cis isomers are present. Purification by h.p.1.c. is extremely difficult and would be impossible by t.1.c. Therefore identification of these quinones either as substrates for incubation or as products following incubation must be open to criticism. The study with whole leaves (Janiszowska & Pennock, 1976) has uncertaincy in what organelle is carrying out the detected reactions. It seems likely that tocopherol biosynthesis outside the chloroplast is being examined. In the experiments of Hutson & Threlfall (19806) pounds such as 8-and &tocopherol being formed as a result of side reactions? Or can a-tocopherol be formed by several variations on a main theme but with one or two routes predominating? Are variations organelle-specific or species-specific? The evidence at the moment does not support conclusively any of these proposals. However, whether a-tocopherol is derived essentially by one pathway or by a composite of pathways, it is obvious that variations are required along the pathway(s) to account for the formation of all known metabolites. What is less clear is whether all variations are present in the one pathway or whether variations are organelle-or species-preferred routes. Fig. 7 draws up a composite scheme showing the possibilities in a-tocopherol formation.
The reduction of geranylgeranyl pyrophosphate to phytyl pyrophosphate takes place in the chloroplast (Sol1 but the nature of the reductant has not been identified. However, NADPH was present in all the incubations carried out by Sol1 & Schultz (198 l) , and when etiolated seedlings of P. vulgaris and Avena sativa were allowed to green up in the presence of [4R-3H1NADPH radioactivity was detected in phytol and a-tocopherol (Welburn, 1968) . Thus it appears that NADPH is the likely reductant. The homogentisate decarboxylase-tetraprenyl pyrophosphate synthestase appears to be not particularly specific. Three varieties of a-tocochromanol have been identified: a-tocopherol, a-tocomonoenol (a-tocopherol with a double bond at position 3', 7' or l l ' , found in etiolated maize and barley shoots by Threlfall 8c Whistance, 1977 ) and a-tocotrienol. It seems most likely that availability of sidechain determines which tocochromanol is synthesized. If photosynthesis is proceeding and NADPH is in plentiful supply, phytyl pyrophosphate may be synthesized, but in a shortage of NADPH, less hydrogenated tetraprenyl pyrophosphates may be used. It is interesting that if A . sativa seedlings (grown in the dark) were given a short exposure to light, chlorophylls containing esterified geranylgeraniol, dihydrogeranylgeraniol, tetrahydrogeranylgeraniol and phytol were isolated (Schoch et al., 1977) . This indicates that chlorophyll biosynthesis also may be dependent on the availability of sidechain precursor. In the light, photosynthesis produces NADPH for reduction of geranylgeranyl pyrophosphate to phytyl pyrophosphate.
Tocopherols are found both in the chloroplast and outside it and the evidence is in favour of two separate, if similar, pathways. Perhaps the best evidence for two pathways is the early work by Goodwin's group when in Aberystwyth (see Threlfall, 197 1) . When [2-I4Clmevalonate was administered to etiolated seedlings which were allowed to 'green up' during the incubation period, radioactivity was incorporated into compounds synthesized outside the chloroplast, e.g. ubiquinone, squalene and sterols. In similar experiments using I4CO,, chloroplastidic components, e.g. plastoquinone and carotenoid, were heavily labelled. a-Tocopherol was labelled well by both precursors, indicating at least two sites of synthesis. Later experiments added to and confirmed this proposal (see Pennock & Threlfall, 1983) .
The tocopherolquinones are presumably formed from related tocopherols in oxidation reactions where tocopherols are acting as antioxidants.
Biosynthesis of plastoquinone
Plastoquinone shares a common nuclear precursor with the tocopherols, i.e. homogentisate, and it would seem that apart from the difference in sidechain the formation of plastoquinone and phytyl plastoquinone is identical. Using experiments very similar to those used in tocopherol biosynthetic studies, it was shown that homogentisate supplied the aromatic ring of plastoquinone and one of the ring methyls (Threlfall, 1971) . The discovery of 2-methyl-6-nonaprenyl-1,4-benzoquinone in iris bulbs (Etman-Gervais et al., 1977) confirmed the idea that the ring methyl which was derived from homogentisate occupied a position meta to the sidechain (Threlfall, 1971) . That this comVOl. 11 pound was an intermediate was confirmed by Hutson & Threlfall, 1980b) in their experiments using radiolabelled homogentisate and lettuce chloroplasts. Once again they were able to show a precursor-product relationship between the two compounds. Fig. 8 shows the biosynthetic pathway to plastoquinone. The remaining ring methyl is supplied by S-adenosylmethionine and both the homogentisate decarboxylase-polyprenyl transferase and the 2-methyl-6-nonaprenyl-l,4-benzoquinol-methyl transferase enzymes are found on the envelope membrane (Fiedler et al., 1982) . Nonaprenyl pyrophosphate is formed by polyprenyl pyrophosphate synthetase by stepwise addition of isopentenyl pyrophosphate to farnesyl or geranylgeranyl pyrophosphate.
Plastochromanol is a cyclic derivative of plastoquinol, analogous to y-tocotrienol, which accumulates slowly during ageing of the plant. Turnover has not been detected by radiolabel experiments and it may be formed as a result of a non-specific cyclase normally concerned with tocopherol biosynthesis. Although no biosynthetic studies have been carried out on plastoquinones B and C (plastoquinone either with fatty acid ester residues on a secondary hydroxyl in the sideqhain, or with a secondary or tertiary hydroxyl in the sidechain) it is possible to surmise that they arise by epoxidation or peroxidation of the sidechain of plastoquinone, possibly by molecular oxygen generated by photosynthesis with ensuing rearrangment, reduction and esterification.
Regulation of biosynthesis
Plastoquinone, ph ylloquinone and a-tocopherol are present in much lower amounts in etiolated tissue compared with green tissue, and the increase in these compounds on illumination is concomitant with the formation of the thylakoid membrane. This is perhaps the major regulatory level in biosynthesis of chloroplastidic quinones and chromanols. Evidence for lightdependent synthesis of phytyl plastoquinone and plastoquinone in, isolated chloroplasts was provided by experiments of Hutson & Threlfall (1 980b), whereas formation of 2-methyld-phytylbenzoquinone was found to be light-independent (SOU ef al., 1980). The variable effects may well depend upon the levels of ATP and NADPH in the system. Tocopherols and plastoquinone increase in concentration throughout the life of the plant, when a-tocopherol in young seedlings may be only lOpg/g wet wt. and rises to over 1 mg/g wet wt. in mature green leaves. There is a correlation between the low tocopherol level in fast-growing plants and the high tocopherol level in slow-growing plants (Booth & Hobson-Frohock, 1961 ) and since it is dimcult to show tocopherol or plastoquinone biosynthesis from radioactive precursors in mature leaves, slow rates of degradation may be more likely than uncontrolled synthesis.
Finally, although biosynthesis of phylloquinone, plastoquinone and tocopherols can be shown to occur in isolated chloroplasts (SOU et al., 1980; Schultz ef al., 1981) it is not likely that control is exercised solely from within the chloroplast. Most chloroplastidic proteins are coded for by nuclear genes and are transported by a post-translational mechanism to the chloroplast envelope (Ellis, 1981) . Thus, not only may there be control of metabolites passing into the chloroplast but there may be control of biosynthetic enzymes at the nuclear level. If a feedback mechanism operates to control the level of thylakoid membrane components (which are bound to the lipid components of the membrane) then it must be a quite complicated regulation mechanism.
Introduction
Within the last decade the study of natural products biosynthesis has undergone a revolution in experimental methodology. The widespread application of stable-isotope n.m.r. has resulted in a dramatic increase in the rate at which biosynthetic problems can be solved while the parallel development of multiple isotope labelling techniques has provided an enormously powerful tool for tracing the metabolic fate of chemical bonds during the course of biosynthetic transformations. At the same time, there has been a steady growth in the use of cell-free experimental systems as attention has been turned from work with intact cells or whole organisms in order to focus on the individual enzymes of secondary metabolism. As a result of the development of cell-free methodology, significant advances have recently been made in the understanding of the biochemistry of indole alkaloid, /&lactam, porphyrin, and isoprenoid biosynthesis (Cane, 1983) . Much of our own recent work has been concerned with the metabolism of allylic pyrophosphates, the substrates for the ubiquitous and fascinating cyclases which catalyse the central synthetic transformations of the terpenoid biosynthetic pathway (Cane, 1980) . Using cell-free extracts of both plants and micro-organisms, we have been examining the mechanisms by which the universal acyclic precursors, geranyl and farnesyl pyrophosphate, are converted to cyclic monoterpenes (Croteau, 1981) and sesquiterpenes (Cane, 1981) , respectively. The results of some of our more recent investigations are described below.
Since 1974 we have been investigating the biosynthesis of a family of sesquiterpenes characterized by the presence of one or more, frequently fused, cyclopentane rings, and formally derivable from the commonly occurring 11-membered ring triene humulene (1). Among these metabolites, the antibiotic pentalenolactone (2) attracted our attention, not only by virtue of its unusual structure, but also due to its production by a variety of prokaryotic Streptomyces species (Scheme 1). The vast majority of cyclic terpenoids, by contrast, are restricted to eukaryotic microorganisms and higher plants. As a result of incorporation experiments with 13C-labelled precursors, we were
